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munication of a signal representing the value of the measured
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baseunit a value of a diagnostic parameter stored in the sensor
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1
METHOD FOR OPERATING A MEASURING
POINT

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a nonprovisional application which
claims the benefit of U.S. Provisional Application No.
61/136,446 filed on Sep. 5, 2008.

TECHNICAL FIELD

The invention relates to a method for operating a measur-
ing point for determining at least one measured variable of a
medium, wherein the measuring point includes a base unit,
which is connected releasably with a sensor unit, and which is
provided for communication of a signal representing the
value of the measured variable to a process monitoring facil-

1ty.
BACKGROUND DISCUSSION

Measuring points of this type include, for example, pH
measuring points or other measuring points of analytical
measurements technology. In this category belong, espe-
cially, other potentiometric, amperometric, coulometric,
colorimetric, photometric, turbidimetric and spectrometric
units.

The problem to which the invention is directed will be
explained on the basis of an example of pH measuring points.
It is not intended, however, that the invention be limited to a
method for operating pH measuring points.

A sensor unit includes at least one transducer, which out-
puts an electrical signal dependent on the value of the mea-
sured variable. Frequently, the transmit function of the trans-
ducer is variable. This is true in special measure for pH
sensors. Therefore, pH sensors, or pH electrodes, must, at
suitable points in time, be subjected to maintenance, espe-
cially, it must be calibrated anew. The length of time intervals
between the maintenance procedures, or calibration intervals,
depends strongly on the environmental influences, to which
the sensor is exposed during its lifetime. Also, the total life-
time of the sensor is strongly influenced by these environ-
mental conditions.

The term, “calibrating”, has frequently a somewhat difter-
ent meaning in pH measuring than usual. In general, one
means with “calibrating” the checking of the display of a
measuring device against a standard; the deviation between
true value and display value is detected. The conforming of
the display value to the true value is referred to as adjusting.
“Calibrating” in the case of a pH sensor is strictly an adjust-
ing. Since the term, “calibrating”, is widely used in electro-
chemistry, it is also used here.

In the guidelines VDI/VDE 2650 and NAMUR NE107,
recently, future market developments in the area of sensor
diagnostics are emphasized.

The state of the art contains attempts to equip sensors with
intelligent self-diagnosis. Thus, there are first publications
with reference to analysis of individual sensor characteristics
for ascertaining the period of time until the entering of a
defined sensor state in the future, e.g. the end of the sensor
lifetime or a point in time, at which a new calibrating is
necessary. Cited by way of example are DE 10141408, JP
05-209858, JP 2002-228495, DE 10 2004 012420 and DE
10239610.

The described methods in the named publications operate
on the assumption that the behavior of a sensor in a medium
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with essentially known ingredients and in the case of known
environmental conditions can be sufficiently well described
by a model. Actually, however, the relationships are a number
of times more complex, so that a mapping via a model of the
processes, which influence the transmit function of a sensor,
especially, a pH electrode, is not, or, at most, only with large
effort, possible.

pH glass electrodes embodied as single-rod, measuring
chains are subject to wear, which depends, in large part, on pH
value and temperature of the environment. Besides the glass
membrane, also the reference half-cell of a glass electrode is
strongly loaded. While, at the glass membrane, due to media
influences, a gradual deterioration takes place and thereby the
probability for a sensor failure increases, diaphragm changes,
poisoning and deterioration of the reference electrolyte of the
reference half-cell can also degrade the functionality of the
sensor.

Due to the large number of parameters, which determine
the lifetime, or service life, of a sensor, prediction is difficult,
the more so, since also a considerable scatter from sensor
instance to sensor instance of the same type occurs.

SUMMARY OF THE INVENTION

It is, consequently, an object of the present invention to
provide a method for operating a measuring point, which
meets the above-related requirements, and which, especially,
permits, with small effort, a reliable statement concerning the
period of time until the reaching of a defined sensor state in
the future.

This object is achieved by a method for operating a mea-
suring point for determining at least one measured variable of
a medium, wherein the measuring point includes a base unit,
which is releasably connected with a sensor unit, and which is
provided for communication of a signal representing the
value of the measured variable to a process monitoring facil-
ity, comprising at least steps as follows:

a) At least one-time registering and storing of a value of a
diagnostic parameter, stored in the sensor unit or pro-
duced by the sensor unit, in a first data storage unit of the
base unit;

b) on the basis of the at least one value of the diagnostic
parameter stored in the first data storage unit, conform-
ing a prognosis value or prognosis interval stored in a
second data storage unit of the base unit, and storing the
conformed prognosis value or prognosis interval in the
second data storage unit of the base unit in place of the
previously stored prognosis value or prognosis interval.

The sensor unit includes at least one primary sensor and a
sensor head, wherein the medium acts on the primary sensor,
which includes a transducer with a signal output, which out-
puts an electrical signal dependent on the value of the mea-
sured variable, wherein the transducer has a variable transmit
function. Integrated in the sensor head can be a circuit for
conditioning the transducer signals, including an A/D con-
verter and a second microprocessor for processing the digi-
tized signals. A signal produced in the sensor unit can, con-
sequently, be, for example, the electrical transducer signal
dependent on the measured variable, or a conditioned, espe-
cially, digitized, transducer signal.

Furthermore, the sensor head can include a data memory, in
which sensor-specific values of one or a plurality of diagnos-
tic parameters are stored. Such diagnostic parameters can be,
for example, calibration data of the last calibration, such as,
for example, in the case of a pH sensor, zero-point and slope,
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or loading data of the sensor unit, which were ascertained and
stored in the manner described in DE 10 2004 012 420 B4 or
in like manner.

A value of such a diagnostic parameter is transmitted from
the sensor unit to the base unit and stored in a memory unit of
the base unit. It is possible to transmit exactly one value.
Equally, however, also a sequence of values can be transmit-
ted and stored. In such case, all values of the sequence, or also
only, in each case, the most up-to-date value, can be stored. If
atime sequence of multiply, sequentially, registered values of
a diagnostic parameter is stored, the values of the points in
time, at which they were registered, or at least one identifier,
on the basis of which the correct time sequence of the values
is ascertainable, can be stored. In an additional memory unit
of the base unit, a prognosis value or a prognosis interval is
stored. For example, the prognosis value can be a total loading
reserve of the sensor unit, i.e. a total lifetime of the sensor unit
weighted with the sensor loading, or also a remaining time
interval until the next calibrating is due. The prognosis value
can also be a value of a calibration parameter expected at a
certain point in time, for example a zero-point or slope value
expected at a certain calibration point in time, for example, at
an nth calibration, or a change of zero-point or slope expected
between two calibrations following one after the other.

Through the conforming of the prognosis value or progno-
sis interval on the basis of the newly stored value of the
diagnostic parameter and the storing of the so ascertained,
conformed prognosis value or prognosis interval in the data
memory of the base unit, a more solid prognosis value, or
prognosis interval, is made available, which is available to
following sensor units after replacement of the current sensor
unit. The measuring point can thus, over the lifetime of a
plurality of sensor units, and beyond, conform its diagnostic
functions always better to the concrete environmental
demands and simultaneously statistically take into consider-
ation fluctuations between the individual sensor instances.

The described method can include additional steps beyond
the steps a) and b). However, at a point in time during opera-
tion of the measuring point, at least once, the steps a) and b)
are performed.

In an additional step c), the in step a) registered and in the
first data storage unit of the base unit stored value of a diag-
nostic parameter produced by the sensor unit can be com-
pared with the prognosis value or prognosis interval stored in
the base unit. This step can be performed, for example, before
the prognosis value is conformed on the basis of the ascer-
tained value of the diagnostic parameter.

A comparison of the registered value of the diagnostic
parameter with the stored prognosis value, or the prognosis
interval, can, for example, for the case, in which the prognosis
value concerns an expected calibration parameter value or an
expected changing of a calibration parameter value, give an
indication of whether the sensor unit still works correctly oris
possibly already damaged. If the diagnostic parameter value
of the sensor unit concerns, for example, the current sensor
loading in the form a weighted loading time, which, for
example, can be ascertained by adding loading equivalents
over the, to this point, duration of operation of the sensor unit,
then a comparison with a stored prognosis value, which gives
a total loading reserve of the sensor unit, can give an indica-
tion of the remaining lifetime of the sensor.

Advantageously, in an additional step, the sensor unit is
replaced by a temporally following sensor unit of the same
type and, after replacement of the sensor unit by the following
sensor unit of the same type, the steps a) and b) or a) to (c) are
repeated at least once.
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This method provides, such as already mentioned, a learn-
ing procedure, wherein, over the lives of a plurality of sensor
units, and beyond, an ever more solid value for a prognosis, or
a prognosis interval, is obtained. At the same time, a com-
parison of the, in each case, newly registered values of at least
one diagnostic parameter with the stored prognosis value, or
prognosis interval, permits, depending on the type of the
stored prognosis value, or prognosis interval, a statement to
be made concerning the current state of the sensor unit cur-
rently connected with the base unit, or to estimate a remaining
service life of the sensor unit.

Because of the dependence already mentioned above of the
diagnostic parameter characteristic for the sensor unit on the
environmental conditions and, therewith, on the measuring
point, it is advantageous to integrate the learning procedure in
a data processing unit of the base unit.

In an advantageous embodiment of the method, the con-
forming of the prognosis value or prognosis interval is
accomplished by means of a learning algorithm. The learning
algorithm includes, in such case, especially, a step of average
forming, sliding weighted average forming, exponential
smoothing of the first and second kind, linear regression for
conforming of a polynomial or other non-linear function, or
the like.

In an embodiment of the method, the base unit is provided
additional information for ascertaining the prognosis value.
This additional information can be, for example, a weighting
of the current diagnostic parameter value. This comes in
question, for example, when a sensor unit was damaged dur-
ing a maintenance procedure and therefore the value of the
diagnostic parameter produced by it is corrupted and, corre-
spondingly, should not, or only with little weight, be taken
into consideration in the learning algorithm. Another example
of additional information is, in the case of a defective sensor
unit, the input of the actual lifetime of the sensor unit, for
example by a service person.

In an embodiment of the method, the first data storage unit
comprises a memory unit having a plurality of memory loca-
tions, for example a database matrix, wherein the value of the
diagnostic parameter is stored together with an identification
of the associated sensor unit, for example, the serial number
of the associated sensor unit, in a memory location. This is
advantageous, when the sensor unit is, at times, removed from
the measuring point, for example for performing maintenance
procedures, and, in the intervening times, another sensor unit
is used at the measuring point. When the first, sensor unit,
after termination of the maintenance, is connected back to the
measuring point, the original memory location, which can be
identified uniquely on the basis of the identification of the
sensor unit, can be written further with values of the diagnos-
tic parameter. When a number of values of the diagnostic
parameter stored or produced in the sensor unit are registered
and stored, for example, in a row of a database matrix, the
entire row of the database matrix can be marked with the
identification of the sensor unit. If the sensor unit is removed
for a time and connected later back to the base unit, on the
basis of the identification, the original row with the earlier
stored values of the sensor unit can again be found and further
written with the new value.

In a special embodiment of the method, a parameter related
to sensor loading, for example, a weighted loading time of the
sensor unit, is registered as diagnostic parameter, and, as
prognosis value or prognosis interval, a parameter is ascer-
tained and stored, which correlates with the total sensor load-
ing, with which the sensor unit can be loaded, before it must
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be replaced, such as, for example, the total loading reserve or
a confidence interval, which surrounds the total loading
reserve.

In a further development of this embodiment, in an ongoing
manner, current values of the parameter of the sensor unit
related to sensor loading are registered and stored in the data
storage unit of the base unit. When the sensor unit, because of
a defect, must be replaced, this information (“sensor defec-
tive”) is made available to the base unit as additional infor-
mation. The value of the parameter related to sensor loading
stored, at this point in time, in the data storage unit of the
sensor is used as learning value for the measuring point, i.e.
this last stored value serves for the conforming of the stored
prognosis value or prognosis interval.

During the ongoing registering of the current values of the
parameter related to sensor loading of the sensor unit, the
currently registered values can be compared with the stored
prognosis value or prognosis interval. If the comparison
shows that the last registered value has reached or exceeded
the prognosis value or that a lower interval boundary of the
prognosis interval has been exceeded, a report in the form a
warning or an alarm can be generated.

In another special embodiment of the method already indi-
cated above, a parameter of the sensor unit, especially a
calibration parameter, is repeatedly registered as diagnostic
parameter and the individual repeatedly registered values are
stored in individual locations of a data storage unit of the base
unit, for example, in a row of a database matrix, together with
the points in time of registering or a parameter equivalent
thereto, and an identification of the associated sensor unit, for
example, the serial number of the sensor unit. In such case,
ascertained as prognosis value is, in each case, a value for the
parameter of the sensor unit, especially, the calibration
parameter, for example, by average forming or extrapolation,
and such value is then stored in the data memory of the base
unit. The data storage unit can, for this purpose, be adapted as
a database matrix, in whose rows values of a calibration
parameter temporally following one another can be stored,
wherein the columns of the database matrix are associated
with a registering point in time of the calibration parameter or
a parameter equivalent therewith.

In this case, thus, not only a prognosis value is present, but
also a plurality of prognosis parameters. For example, such as
further below presented in detail, in the case of each new
calibration of the sensor unit, the values of the calibration
parameters, zero-point and slope, or the change of zero-point
and slope since the preceding calibration, can be ascertained
and stored in their own memory location of the data memory
of the base unit together with a current index of the new
calibration. With this data, individual prognosis values for the
calibration parameters or the changes of the calibration
parameters for each new calibration—thus for the first, sec-
ond, third, etc. calibration—of a sensor unit of the same type
can be ascertained, stored, conformed by means of newly
added values of further sensor units of the same type, and the
conformed prognosis values newly stored.

In an additional special embodiment, from repeatedly reg-
istered values of the diagnostic parameter, for example, from
repeatedly registered values of a parameter of the sensor unit,
especially, of a calibration parameter, a total lifetime, or a
sensor remaining service life for sensor units of the of the
same type can be ascertained as prognosis value, in that the
conforming of the prognosis value occurs by ascertaining a
trend, especially, a linear function, for the time development
of the diagnostic parameter.

A corresponding measuring point for performing the
described method includes a base unit, which is connected
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releasably with a sensor unit, and which is provided for com-
munication of a signal representing the value of the measured
variable to a process monitoring facility,

wherein the base unit, furthermore, includes:

a microprocessor for conditioning data received from the
sensor unit for communication to the process monitoring
facility;

a first data storage unit adapted to register and store a value
of a diagnostic parameter in the sensor unit, stored or pro-
duced by the sensor unit;

a second data storage unit adapted to store a prognosis
value or a prognosis interval; and

aprogram memory unit, in which an algorithm, especially,
a learning algorithm, is stored, which serves for conforming
the prognosis value or prognosis interval stored in the second
data storage unit on the basis of the value of the diagnostic
parameter last registered in the first data storage unit and for
storage of the conformed prognosis value or prognosis inter-
val in the second data storage unit.

In an embodiment, the base unit, furthermore, has available
a second program memory unit, in which a comparison algo-
rithm is stored, which serves for comparison of the last value
of'the diagnostic parameter registered in the first data storage
unit with the prognosis value or prognosis interval stored in
the second data storage unit.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be explained in greater detail on the
basis of the examples of embodiments in the drawing, the
figures of which show as follows:

FIG. 1 a schematic drawing of a measuring point according
to a first example of an embodiment of the invention;

FIG. 2 a diagram illustrating ascertaining of a prognosis
value from stored values of a diagnostic parameter for differ-
ent sensor units, using the example of total loading reserve;

FIG. 3 a schematic drawing of a measuring point according
to a second example of an embodiment of the invention;

FIG. 4 a drawing of values for shifting of the zero-point for
a series of sensor units in the case of three calibration points
in time and the current prognosis values ascertained there-
from; and

FIG. 5 a drawing of a sequence of zero-point values for
three different sensors and the prognosis ascertained there-
from for the zero-point trend for ascertaining a future sensor
state.

DETAILED DISCUSSION IN CONJUNCTION
WITH THE DRAWINGS

FIG. 1 shows schematically a measuring point 101, which
is embodied to learn, over the lifetime of a plurality of sensor
units, a prognosis value for a diagnostic parameter a for a
sensor unit. The diagnostic parameter a can be, for example,
the total loading reserve, total operating time, operating times
under defined conditions, counter states, e.g. for counting of
“cleaning in process (CIP)” steps, “sterilization in process
(SIP)” steps, autoclaving steps, or the like.

The measuring point 101 includes a sensor unit 2./ and a
base unit 3. In the case of the sensor unit 2./, such is, in the
example of an embodiment, a pH sensor, which includes a
primary sensor 21, in the form a single-rod measuring chain,
and a sensor head 22, wherein the sensor head 22 is connected
fixedly with the single-rod measuring chain 21. The single-
rod measuring chain 21 provides on its signal output a poten-
tial difference between a reference potential and a pH value
dependent potential correlated with the current value of the
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medium. The signal output of the single-rod measuring chain
21 is fed to a circuit in the sensor head for conditioning the
signals of the single-rod measuring chain 21, wherein the
circuit includes an A/D converter and a microprocessor for
processing the digitized signals. Output by the single-rod
measuring chain 21 can include, furthermore, a temperature
signal. The sensor head 22 contains a data memory 4, in
which sensor-specific data are stored, for example, calibra-
tion data and their history or data for loading history. Further-
more, the sensor head contains a program memory 24, which
contains base functionalities for operation of the sensor unit.

Furthermore, the sensor head contains a preferably induc-
tively coupling interface 31, via which occurs energy supply
of'the sensor unit 2./ from the base unit 3 and data exchange
between the sensor unit 2.j and the base unit 3.

The base unit 3 includes a microprocessor for conditioning
data, which are received from the sensor unit, in order then to
transmit such, in given cases, via a fieldbus to a central com-
puter of the process monitoring facility (not shown in FIG. 1).
The base unit 3 includes, furthermore, a data memory 7, in
which a diagnosis relevant parameter, so-called diagnostic
parameter ag,;, produced in the sensor unit 2.j, more exactly
in the sensor plug-in head 22, or stored in the data memory 4
of the sensor plug-in head 22, can be stored. The diagnostic
parameter a,, is transmitted via the interface 31 of the sensor
unit 2/ to the base unit 3 and stored in the data memory 7 of
the base unit 3. In the example of FIG. 1, the data memory 7
includes a one-row database matrix 5, in which the diagnostic
parameter ag,; can be stored together with additional infor-
mation, such as, for example, the serial number of the sensor
unit 2./, from which a diagnostic parameter ag,; was trans-
mitted. The diagnostic parameter ag,;, is stored over the life-
time of a plurality of sensor units, and beyond.

The base unit includes, furthermore, a program memory,
which includes a software module, which contains a learning
algorithm. This learning algorithm includes a functionality,
with which, from some or all of the values stored in the
database matrix 5, a prognosis value can be ascertained and
stored in the data memory 8 of the base unit 3. Furthermore,
the learning algorithm can also include a function, with which
a limit value window around the ascertained prognosis value
can be formed. This limit value window can likewise be
stored in the data memory 8 as prognosis interval.

Furthermore, the program memory 9 of the base unit 3
includes a software module, which contains a comparison
algorithm. This comparison algorithm is embodied to com-
pare newly registered values of the diagnostic parameter a
which is captured, for example, from the data memory of a
sensor unit newly connected to the base unit 3, with the
prognosis value or with the prognosis interval formed by the
limit value window around the prognosis value. If the com-
parison algorithm detects a deviation of the newly ascertained
diagnostic parameter ag,; from the prognosis value or prog-
nosis interval stored in the data memory 8, it can cause the
output of a report via the display 11, for example, a warning.

A method for operating the measuring point 101 illustrated
in FIG. 1 will now be described in greater detail.

The first n sensor units 2.1, . . ., 2.z connected to the base
unit 3 can be used as “training units”. Since the prognosis
value ascertained by the learning algorithm in this early phase
of the measuring point 101 still is based on too little funda-
mental data, this value is only tentatively usable and should,
consequently, only be used with reservations for sensor diag-
nostics or for remaining lifetime prediction. Beginning with
the n+1st sensor unit 2.#7+1 of the same sensor type, via
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comparison algorithms, or learning algorithms, more reliable
diagnostic statements, or new, conformed prognosis values
are obtained.

Following connecting of a sensor unit 2. via the interface
31 to the base unit 3, the learning algorithm checks first,
whether the sensor unit 2.j should be used for ascertaining, or
for conforming, the prognosis value or prognosis interval. For
example, it can be ascertained, how many operating hours the
newly connected sensor unit 2./ has already experienced. On
the basis of the operating hours count stored in the memory
unit 4 of the sensor unit 2./, it can be decided, whether the
sensor unit is taken into consideration for the conforming of
the prognosis value or prognosis interval.

Furthermore, it is first checked, whether the serial number
SNj of the sensor unit 2.j is already stored in the database
matrix 5 of the base unit 3. If entries are already present in the
database matrix 5, which by the serial number supplementally
stored there can be unequivocally associated with the sensor
unit 2.7, then these entries are brought forward. If there are in
the database still no entries for the new sensorunit 2.j present,
then a new database entry—a new column of the one-row
database matrix 5—is begun.

An algorithm in the program memory 24 of the sensor unit
2.j delivers to the base unit via the interface 31 periodically a
value ag; of the diagnostic parameter. This value is stored in
the column belonging to the serial number SNj of the sensor
unit 2.j. If the sensor unit 2.j is replaced with a following
sensor unit 2.k, then the most up-to-date value ag,, is first
stored in the database matrix 5. Upon connection of the fol-
lowing sensorunit 2.4, a query is made, whether the preceding
sensor unit 2.f is defective, or whether it has only temporarily
been removed, for example, for performing calibration, or
maintenance, procedures. If the preceding sensor unit 2./ was
removed because of a defect, the last stored value agy; is
defined as learning value agg, . Otherwise, the state of the
database entry is kept and can be brought forward, when the
sensor unit 2./ is connected back to the base unit 3. If the
sensor unit is taken out of the process before the end of its
lifetime, be it based on a changing of the installed sensor type
or based on a process independent defect turned up during
maintenance or calibrating, there is the possibility of erasing
the relevant database entry.

It is possible, never to leave the learning state, i.e. to con-
duct a conforming of the prognosis value, or the prognosis
interval, during the entire period of operation of the measur-
ing point. Alternatively, after reaching an established maxi-
mum number max of learning values of agg,;, the learning
state can be terminated. In this case, only the learning values
from agq,, 10 aggas,... are taken into consideration for ascer-
taining the prognosis value or prognosis interval. The prog-
nosis value, or the prognosis interval, as the case may be,
remains constant after termination of the learning state.

There are different options for ascertaining the prognosis
value. Simple and robust variants are the sliding weighted
average value, and exponential smoothing of 1st and 2nd
type, depending on whether a trend is detectable or not. Also,
complex algorithms, such as linear regression, the matching
of'polynomials or other non-linear functions or the like can be
applied.

Already during the learning state, or after termination of
the learning state, the diagnostic parameter a,,, of a currently
connected sensor unit 2.j can be compared, by means of the
comparison algorithm 9, with the prognosis value, or the
prognosis interval (which can be a confidence interval sur-
rounding the prognosis value). As a function of the position of
the diagnostic parameter ag,; with reference to the range of
the prognosis interval, a warning or alarm message is gener-
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ated on the display 11 of the base unit 3. A warning could be
generated, for example, upon exceeding the lower limit of the
prognosis interval. An option would be, accordingly, an
alarm, for example, in the case of a value between the lower
prognosis limit and the prognosis value.

This is illustrated in FIG. 2. FIG. 2 shows, as a function of
time, the curve of learning values of ag,; obtained on the
basis of various sensor units 2.j using the example of the
diagnosis parameter (ag,;), sensor loading, i.e. a weighted
duration of operation of the sensor unit, taking into consider-
ation loading-relevant parameters, such as pH value and tem-
perature, for example, in the form of loading equivalents such
as described in DE 10 2004 012 420. The associated progno-
sis value is the total loading reserve of the sensor unit, i.e. the
total lifetime of the sensor unit taking into consideration the
loading-relevant parameters. The learning values (agg,;)
TLR, of the total loading reserve are shown in the form of
stars. For purposes of simplification, it is assumed, that each
sensor unit 2.j remains connected with the base unit 3 up to the
end of its lifetime and only once a sensor unit becomes defec-
tive is it replaced by a following sensor unit 2.j+1.

For point in time t=0, a first learning value TLR | ofthe total
loading reserve is present, which was ascertained on the basis
of a first sensor unit 2.1, which, after a lifetime, which corre-
sponds to the total loading reserve TLR,, was replaced with a
second sensor unit 2.2, because of a defect. From this value,
the learning algorithm 10 ascertains a first prognosis value P1
(square) for the total loading reserve of a sensor unit of the
type of sensor unit 2.1. The prognosis value P1 is identical
with the learning value TLR, (since, for the point in time t=0,
no additional information is present) and amounts to about
2100 time units.

Atthe point in time t=0, the defective first sensor unit 2.1 is
replaced with a following, new sensor unit 2.2. During the
operating of the new sensor unit 2.2, periodically, a loading
value of the sensor unit 2.2 is transmitted to the database
matrix 5 of the base unit 3. This loading value can be com-
pared by means of the comparison algorithm with the prog-
nosis value P1. Upon reaching the prognosis value, the com-
parison algorithm issues a warning or alarm. However, this
diagnostic result is still tentative and uncertain, since the
prognosis value P1 relies on a single learning value.

At point in time t1, which lies still before the prognosti-
cated end of life 12 of the sensor unit, the sensor unit 2.2 must
be replaced with a following, third sensor unit 2.3, because of
a defect. The loading value registered, at this point in time, in
database matrix is stored as new learning value TLR, in the
column associated with sensor unit 2.2. With application of
the new learning value TLR,, the prognosis value P1 is con-
formed and a new, lower prognosis value P2 ascertained. This
new, conformed, prognosis value P2 replaces the original
prognosis value P1 in the data memory 8 of the base unit.

In analogous manner, the method is continued for follow-
ing sensor units 2.j. For the prognosis value P4, as well as the
following additional prognosis values, there is in FIG. 2 a
confidence interval, which surrounds the prognosis values.
The lower limit of this confidence, or prognosis, interval is
with filled dots, the upper limit with filled diamonds. Further-
more, there is in FIG. 2 also a lower alarm limit, which is
marked with triangles.

As soon as the comparison algorithm determines that the,
such as described in connection with FIG. 1, periodically
registered diagnostic parameter (here the sensor loading) of
the sensor unit has reached the lower limit of the prognosis
interval, the output of a warning is brought about via the
display 11. If the sensor loading reaches the alarm limit, then
an alarm is correspondingly output.
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Furthermore, as input variables for a learning algorithm
such as it is here described, sensor data such as the total
loading reserve, operating times under defined conditions,
counter states, e.g. for counting of “cleaning in process
(CIP)” steps, “sterilization in process (SIP)” steps, autoclav-
ing steps, or like sensor data can also be used.

FIG. 3 shows a further example of the invention. The sche-
matically illustrated measuring point 201 is, in large part,
identical to the measuring point 101 shown in FIG. 1. The data
memory 7 contains, however, not just a one-row database
matrix 5, but, instead, a multirow and multicolumn database
matrix 5'. In this embodiment, the measuring point 201 can
store and analyze parameter changes occurring over the life-
time of the sensor. For example, shifting of the sensor zero
point, and the changing of the sensor slope, between begin-
ning and end of the total operating time of the sensor unit can
be registered. Via a prognosis, a statement concerning future
maximum changes is possible, against which as limit value,
currently registered change values can be tested. The variant
of'the learning algorithm 10 presented in the following can be
applied simultaneously to a number of variables. In this way,
following analyses are possible, which are based on the inter-
relationship of the ascertained, i.e. “learned”, upper limits.

If, for example, for the case, in which the sensor unitis apH
electrode, the changing of the zero-point of the pH sensor is
taken as diagnostic parameter SP, ,, then there can be stored in
the individual memory locations of the database matrix 5, for
a number of sensor units, the values of the shifting of the
sensor zero point registered in different calibrations, together
with the serial number of the sensor and the point in time of
the calibrating or the number of the already undertaken cali-
brations.

These diagnostic parameters SP, , here thus the shiftings of
the sensor zero point, are stored over the lifetime of a plurality
of sensor units, and beyond. In the example of FIG. 3, the
index j stands for the particular sensor unit, wherein sensor
units following one another are referenced, in each case, with
a consecutive natural number j. The index i is used in the
present example for a consecutive numbering of repeatedly
registered and stored values of the shifting of the sensor zero
point.

The learning algorithm 10 ascertains thus, from values
ascertained for a number of sensor units for the shifting of the
sensor zero point at a certain point in time unified for all
sensor units or after a same number of calibrations for all
sensor units (if this number were, for example, 3, this would
correspond to the values SP3, j, wherein j stands for the
sequential number of the sensor unit), a prognosis value, thus
an expected shifting of the sensor zero point for sensor units
of the same type. In contrast to the examples described in
connection with FIGS. 1 and 2, in the case of which, first after
final replacement of the sensor unit 2./ after a defect, a learn-
ing value is stored for the learning algorithm in the database
matrix 5, here, each value for the sensor shifting ascertained
in a calibrating is stored as learning value in the database
matrix 5'.

In the case of the considered example of the shifting of the
sensor zero point as diagnostic parameter, a deviation of the
prognosis value or prognosis interval would mean, that the
zero point shift lies outside the limit value window around the
expected value of the zero point shift. In this case, the report
generated by the comparison algorithm would be, thus, a
warning, since the sensor deviates from the prognosticated
behavior.

In the following, the method for operating the measuring
point 201 will be described in more detail.
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In the memory unit 4 of the sensor unit 2./, the calibration
data of the sensor unit, thus also the shifting of the zero-point,
are stored, especially, for the point in time of the last calibra-
tion. The most up-to-date value of the changing of the zero-
point and information concerning the calibration point in time
are read out by the base unit 3 from the data memory 4. The
information concerning the calibration point in time can be a
time specification referenced to the total operating time of the
sensor to this point, which gives, thus, after how many oper-
ating hours the corresponding calibrating took place. It can
also be a consecutive numbering of the calibrations of the
sensor unit accomplished to this point. The value of the shift-
ing of the zero-point read out of the data memory 4 is stored
together with the serial number and the information concern-
ing the calibration point in time in the database matrix 5. The
new value is stored in the database matrix 5 in the same row
as all other values read-out for the changing of the zero-point
of such sensor unit at other calibration points in time and in
the same column as the values read-out for shifting of the
changing of the zero-point of other sensor units of the same
type at the same or comparable calibration point in time.

Accessing the values stored in the database matrix 5 are
both the learning algorithm stored in the program memory 10
as well as also the comparison algorithm stored in the pro-
gram memory 9. The comparison algorithm serves in such
case for composing diagnostic statements for the currently
connected sensor unit. In a data memory 8' of the base unit 3,
a corresponding prognosis value for the changing of the zero-
point is already stored, which was ascertained from the cor-
responding data of sensor units 2.; earlier applied at the mea-
suring point 201. Advantageously stored supplementally,
besides the prognosis value, in the data memory 8' can be a
limit value window surrounding the prognosis value. With the
comparison algorithm, it is ascertained, whether the value of
the shifting of the zero-point stored newly in the database
matrix 5' for the last calibration point in time of the sensor lies
within the limit value window. Ifthis is not the case, a warning
report can be generated.

The learning algorithm 10 serves for further conforming
the prognosis value stored in the data memory 8' and for
optimizing the solidity of the value, so that it is no longer
tentative. For this, the learning algorithm ascertains a con-
formed prognosis value from the newly stored value SP; of
the changing of the zero-point at a certain calibration point in
time and from the corresponding values, which are already
present in the database matrix 5' and which were ascertained
for preceding sensor units of the same type during the same or
comparable calibration point in time. Simple, robust methods
for determining the conformed prognosis value are, for
example, the forming of an average value or a weighted
average value or exponential smoothing of 1st and 2nd types,
depending on whether a trend is detectable or not.

The advantage of this procedure, relative to the conven-
tional practice of measuring point independently specitying
for sensors of the same type a fixed tolerance interval for the
changing of the zero-point between two calibrations, is that
now, with assistance of the learning algorithm, a measuring
location specific value for the zero point shift, or a measuring
point specific, tolerance interval, can be predetermined. This
permits significantly more exact diagnostic statements. Thus,
in the case of one type of process, a strong changing of the
zero-point between two calibrations can be quite tolerable,
while, in the case of another type of process, as a rule, only a
low changing of the zero-point should occur. With the help of
the prognosis values “learned” from the measuring point, an
option is to differentiate between two process types, whereas,
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in the case of input of a fixed tolerance interval for the zero
point shifting independently of the process conditions, such a
distinguishing is not possible.

In FIG. 4, values for shifting of the zero-point (delta zero-
point) are shown for three different calibration points in time
for a number of sensors connected one after the other to the
measuring point 201. The values ascertained for the zero
point shifting (diamonds) in the case of the first calibrating of
the sensors lie in a value range between -0.1 and 0.4. From
these values and the newly added value SP1, of the last
connected sensor unit 2.j to the measuring point 201, by
means of a sliding, exponential smoothing of 2nd order, a
prognosis value is ascertained, which is shown as an open
square. Ascertained around this prognosis value is, moreover,
a limit value window, which is indicated by dashed line.

In equal manner, presented in FIG. 2 are the shiftings of the
zero-point in the case of all sensors used to this point in the
case of the second calibrating (circles) and in the case of the
third calibrating (triangles) as well as the prognosis values
(open squares) and the associated limit value window ascer-
tained from these values.

An option, in the case of determining the prognosis values,
is to weight the individual values entering into the calculating.
This can happen, for example, by the input of additional
information by a service person. The service person can, for
example, give when a sensor unit was damaged in a mainte-
nance procedure, or when another disturbance occurred. In
this case, one will not, or only with lesser weight, take into
consideration the values made available from this sensor unit
in the conforming of the prognosis value.

Furthermore, also, in general, i.e. also in the case of the
other here described examples of embodiments, a sliding
function can be provided in the conforming of the prognosis
value. In such case, for example, it can be provided that older
sensor data is omitted from the conforming of the prognosis
value. For example, the number of sensors, whose values are
taken into consideration, can be predetermined. If, for
example, a number of five sensors is predetermined, then for
conforming the prognosis value only the values of the shifting
of'the zero-point of the last five sensor units connected to the
measuring point 201 are used. Older values can be deleted
from the database matrix 5'.

By way of example, here the case was considered, wherein,
as diagnostic parameter, the sensor zero point shifting of a pH
sensor is used. Equally, alternatively or supplementally, other
diagnostic parameters, such as the sensor zero point or the
sensor slope, the process parameter of the sensor unit, such as
pH value and temperature, or variables derived from these,
such as loading equivalents or loading indices, or other sen-
sor-specific parameters, could be considered.

In a third example of an embodiment of the invention, in
similar manner, from one or a plurality of diagnostic param-
eters, a prognosis for the further course, i.e. a trend, of the
diagnostic parameter can be ascertained. Through evaluation
of'a trend of the changing of defined sensor parameters, such
as, for example, the changes of zero-point or slope, a remain-
ing service life of a sensor unit can be ascertained. Examples
for this are published in DE 10209318 and DE 10239610.

In the case of operating a measuring point according to the
type of measuring point 201 illustrated in FIG. 3, there can be
stored in the database matrix 5' values of the sensor zero
points of a plurality of sensor units 2. of the same type at
different calibration points in time. In FIG. 5, values for three
different sensor units are plotted. In the here illustrated
example, all sensor units are calibrated anew in uniform time
intervals of 168 hours. It is, however, also possible, that the
individual sensor units are calibrated at different points in
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time. Equally, in the case of a sensor unit, the individual time
intervals between the calibrations can be selected differently
long.

On the basis of the sensor zero point values, a sensor
lifetime, or a remaining service life, can be ascertained as
prognosis value. Also, this prognosis value is solid and reli-
able, the more sensor units are taken into consideration for
“learning” the prognosis value.

This is illustrated on the basis of the values of the sensor
zero point in FIG. 5 at different calibration points in time for
three different sensor units of the same type: First, only the
zero point values of a single sensor, the sensor 3 (squares), are
taken into consideration for ascertaining a linear trend T1. If
one sets a zero point value W as allowable maximum value for
the sensor unit, then there results, from the intersection of a
line extending parallel to the abscissa through the maximum
allowable ordinate value W and the linear trend T1, a prog-
nosis value for the total lifetime, or the remaining service life,
of the first sensor unit. This prognosis value is, in turn, sur-
rounded with a confidence interval, or prognosis interval.

The zero point values of a second sensor unit (sensor 2) of
the same type as the first sensor unit are shown as triangles.
Taking into consideration these zero point values, there
results a linear trend T2 having a smaller slope than T1. The
learning algorithm used, in this case, a weighted average
forming, in the case of which the zero point values of the first
sensor unit (sensor 3) are taken into consideration with a
weight of only 0.4, while the newer values of the second
sensor unit with a weight of 0.6. From the intersection of T2
with the line extending parallel to the abscissa through the
predetermined allowable maximum value for the zero-point,
there results a conformed prognosis value as well as a con-
formed confidence interval, or prognosis interval, for the
sensor lifetime, which is better suited for further diagnostic
purposes, than the interval ascertained on the basis of sensor
3 only.

In analogous manner, the prognosis value for the expected
sensor lifetime can be further improved by taking into con-
sideration the zero point values of an additional sensor unit
(sensor 1, circles).

Although the invention has been explained essentially on
the basis of pH sensors, it is not limited thereto. The method
of the invention can be used for any number of measuring
points having sensor units of different type, for example, for
potentiometric, amperometric, coulometric, colorimetric,
photometric, turbidimetric and spectrometric sensor units.
Especially, the method of the invention can be used advanta-
geously also at a measuring point having a gas sensor (not
illustrated in greater detail), for which as prognosis value, for
example, a period of time can be learned, especially, a period
of time weighted on the basis of sensor loading, until a mem-
brane must be replaced.

The here described measuring point can be a component of
aprocess monitoring facility, which includes one or a number
of similar measuring points. If there are present in the process
monitoring facility at least two measuring points, which are
exposed to similar or comparable environmental influences,
and at which sensor units, which are similar or of the same
type are used, it is advantageous, when the respective base
units of these measuring points can exchange among one
another, for example, via a fieldbus, values stored in their data
storage units, especially, values of a diagnostic parameter
ascertained by one or a plurality of sensor units, or stored
prognosis values, especially prognosis values earlier ascer-
tained by the learning algorithm.

Furthermore, an option is to store, in a central computer of
the process monitoring facility, a prognosis value or a prog-
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nosis interval in a base unit of a measuring point already
solidified and usable through a number of learning cycles,
together with information concerning the associated sensor
type and concerning specific properties of the measuring
point, for which the prognosis value was learned. The specific
properties of the measuring point can be stored, for example,
in an identification parameter set, which contains information
concerning a process class of the process, in which the mea-
suring point is applied, as well as information concerning
specific loadings, which act at the measuring point on the
sensor, such as e.g. media influences, extreme pH values,
extreme temperatures, strong mechanical loading e.g. by a
flowing medium, etc.

If, then, a new measuring point is integrated into the pro-
cess monitoring facility, a new identification parameter set
generated for this measuring point is produced. The new
identification parameter set can be compared with identifica-
tion parameter sets stored in the central computer of the
process monitoring facility. If the new identification param-
eter set agrees with a stored identification parameter set
essentially completely, the correspondingly stored prognosis
value can be used for the new measuring point and stored in
the base unit of the new measuring point. This has the advan-
tage, that a first learned prognosis value for one measuring
point can be transmitted to similar other measuring points.
These measuring points can then either fixedly use the prog-
nosis value or further conform it through other learning steps.

The invention claimed is:

1. A method for operating a measuring point for determin-
ing at least one measured variable of a medium, wherein the
measuring point comprises a base unit, which is connected
releasably with a first sensor unit, and which is provided for
communication of a signal representing a value of the mea-
sured variable to a process monitoring facility, the method
comprises steps of:

a) at least one-time registering and storing, in the base unit,

a value of a diagnostic parameter stored in the first
sensor unit or produced by the first sensor unit;

b) on the basis of said value of the diagnostic parameter
stored in the base unit, conforming a prognosis value or
prognosis interval stored in the base unit, said prognosis
value being a prognosis value of said diagnostic param-
eter and said prognosis interval is a confidence interval
surrounding the prognosis value; and

¢) storing the conformed prognosis value or prognosis
interval in the base unit in place of a previously stored
prognosis value or prognosis interval, wherein:

the conforming of the prognosis value or prognosis interval
occurring by means of a learning algorithm, which is
embodied to learn, over the lifetime of a plurality of
sensor units, said prognosis value or prognosis interval:

said diagnostic parameter is a total loading reserve, a total
operating time, operating times under defined condi-
tions or a counter state; and

said prognosis interval is a confidence interval surrounding
the prognosis value;

wherein a counter state is one of: a counter state for count-
ing cleaning in process (CIP) steps, a counter state for
counting sterilization in process (SIP) steps or a counter
state for counting autoclaving steps.

2. The method as claimed in claim 1, further comprising a

step of:

d) comparing the value of a diagnostic parameter registered
in step a), stored in the base unit, or produced by the first
sensor unit, with the prognosis value or prognosis inter-
val stored in the base unit.



US 9,164,057 B2

15

3. The method as claimed in claim 2, further comprising:

e) replacing the first sensor unit by a second sensor unit of
the same type, and;

f) after replacement of the first sensor unit by the second
sensor unit of the same type at least steps a) to (c) are
repeated at least once.

4. The method as claimed in claim 3, wherein:

said first and second sensor units are pH-sensor units of the
same type.

5. The method as claimed in claim 1, further comprising the

step of:

e) replacing the first sensor unit by a second sensor unit of
the same type and, after replacement of the first sensor
unit by the second sensor unit of the same type, at least
steps a) and b) are repeated at least once.

6. The method as claimed in claim 1, wherein:

the learning algorithm comprises a step of average form-
ing, sliding weighted average forming, exponential
smoothing of 1st and 2nd type, linear regression, match-
ing of polynomials or matching of non-linear functions.

7. The method as claimed in claim 1, wherein:

at least one additional piece of information is made avail-
able to the base unit for ascertaining the prognosis value
and;

said additional information comprising a weighting of said
diagnostic parameter value.

8. The method as claimed in claim 1, wherein:

said value of said diagnostic parameter is stored in a first
data storage unit of the base unit and said prognosis
value or prognosis interval and said conformed progno-
sis value or said conformed prognosis interval are stored
in a second data storage unit of the base unit; and

the first data storage unit comprises a memory unit having
a plurality of memory locations, and wherein the value
of the diagnostic parameter is stored in a memory loca-
tion together with an identification of the associated
sensor unit.

9. The method as claimed in claim 1, further comprising the

step of:

d) registering as the diagnostic parameter a parameter
related to sensor loading, and, storing as the prognosis
value or prognosis interval a parameter, which correlates
with a total sensor loading, with which the first sensor
unit can be loaded before it must be replaced.

10. The method as claimed in claim 9, wherein:

periodically values of the diagnostic parameter which cor-
relates with the sensor loading are registered one after
the other and stored in the base unit.

11. The method as claimed in claim 10, wherein:

in the case of a defective sensor unit, an information, that
the first sensor unit is replaced because of a defect, is
made available to the base unit.

12. The method as claimed in claim 11, wherein:

after information that the sensor unit is replaced because of
a defect has been made available, a last stored value of
the parameter which correlates with the sensor loading
currently stored in the base unit is used for conforming
the stored prognosis value or prognosis interval.

13. The method as claimed in claim 10, further comprising:

e) comparing currently registered values of the diagnostic
parameter with the stored prognosis value or prognosis
interval.

14. The method as claimed in claim 13, wherein:

a warning message is generated, when one of the periodi-
cally registered values of the diagnostic parameter
exceeds a lower limit of the prognosis interval stored in
the base unit.
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15. The method as claimed in claim 1, wherein:

values of a calibration parameter of the first sensor unit are
repeatedly registered as values of said diagnostic param-
eter, and stored in individual locations of a data storage
unit of the base unit, together with points in time of
registering, or a parameter equivalent thereto, and an
identification of the first sensor unit; and

as prognosis values, expected values of the calibration
parameter of the first sensor unit at the points in time of
registering are stored and conformed on the basis of the
registered values of the calibration parameter.

16. The method as claimed in claim 15, wherein:

said first sensor unit is calibrated periodically, and with
each new calibration, a value of said calibration param-
eter is registered and stored.

17. The method as claimed in claim 15, wherein:

the calibration parameter is one of: sensor zero point, sen-
sor slope, sensor zero point shifting or sensor slope
shifting.

18. The method as claimed in claim 1, wherein:

said prognosis value or prognosis interval was ascertained
from corresponding data of sensor units earlier applied
at the measuring point.

19. The method according to claim 1, wherein:

said learning algorithm conforming the prognosis value by
ascertaining the conformed prognosis value from said
stored value of the diagnostic parameter and from cor-
responding values of the diagnostic parameter which
were ascertained for sensor units earlier applied at the
measuring point.

20. The method as claimed in claim 1, further comprising:

d) comparing currently registered values of the diagnostic
parameter with the stored prognosis value or prognosis
interval; and

e) depending on the position of the value of the diagnostic
parameter with reference to the range of the prognosis
interval, generating a warning or alarm message on a
display of the base unit.

21. The method as claimed in claim 20, wherein:

the warning message is generated, when the value of the
diagnostic parameter exceeds a lower limit of the prog-
nosis interval.

22. A method for operating a measuring point for deter-
mining at least one measured variable of a medium, wherein
the measuring point comprises a base unit, which is con-
nected releasably with a first sensor unit, and which is pro-
vided for communication of a signal representing a value of
the measured variable to a process monitoring facility, the
method comprises steps of:

a) at least one-time registering and storing, in the base unit,
a value of a diagnostic parameter stored in the first
sensor unit or produced by the first sensor unit;

b) on the basis of said value of the diagnostic parameter
stored in the base unit, conforming a prognosis value or
prognosis interval stored in the base unit, said prognosis
value being a prognosis value of said diagnostic param-
eter and said prognosis interval is a confidence interval
surrounding the prognosis value;

¢) storing the conformed prognosis value or prognosis
interval in the base unit in place of a previously stored
prognosis or prognosis interval;

d) registering as the diagnostic parameter a parameter
related to sensor loading, and, storing as the prognosis
value or prognosis interval a parameter, which correlates
with a total sensor loading, with which the first sensor
unit can be loaded before it must be replaced; and
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e) comparing currently registered values of the diagnostic
parameter with the stored prognosis value or prognosis
interval, wherein:

the conforming of the prognosis value or the prognosis
interval occurring by means of a learning algorithim,
which is embodied to learn, over the lifetime of a plu-
rality of sensor units, said prognosis value or prognosis
interval;

periodically values of the diagostic parameter which cor-
relates with the sensor loading are registered one after
the other and stored in the base unit;

a warning message is generated, when one of the periodi-
cally registered values of the diagnostic parameter
exceeds a lower limit of the prognosis interval stored in
the base unit;

the parameter related to sensor loading is a weighted load-
ing time of the sensor unit;

the parameter correlating with the total sensor loading,
with which the sensor unit can be loaded is a total
reserve; and

the prognosis interval is a confidence interval of the total
loading reserve.

23. A method for operating a measuring point for deter-
mining at least one measured variable of a medium, wherein
the measuring point comprises a base unit, which is con-
nected releasably with a first sensor unit, and which is pro-
vided for communication of a signal representing a value of
the measured variable to a process monitoring facilty, the
method comprises steps of:

a) at least one-time registering and storing, in the base unit,

a value of a diagnostic parameter stored in the first
sensor unit or produced by the first sensor unit;

b) on the basis of said value of the diagnostic parameter
stored in the base unit, conforming a prognosis value or
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prognosis interval stored in the base unit, said prognosis
balue being a prognosis value of said diagnostic param-
eter and said prognosis interval is a confidence interval
surrounding the prognosis value; and

¢) storing the conformed prognosis value or prognosis
interval in the base unit in place of a previously stored
prognosis value or prognosis interval, wherein:

the conforming of the prognosis value or prognosis interval
occurring by means of a learning algorithim, which is
embodied to learn, over the lifetime of a plurality of
sensor units, said prognosis value or prognosis interval;

values of a calibration parameter of the first sensor unit are
repeatedly registered as values of said diagnostice
parameter, and stored in individual location of a data
storage unit of the base unit, together with points in time
of registering, or a parameter equivalent thereto, and an
identification of the first sensor unit;

as prognosis values, expected values of the calibration
parameter of the first sensor unit at the pints in time of
registering are stored and conformed on the basis of the
registered values of the calibration parameter; and

as prognosis intervals a limit value window around the
expected values of the calibration parameter are stored
and conformed on the basis of the registered values of
the calibration parameter.

24. The method as claimed in claim 23, further comprising:

d) comparing currently registered values of the calibration
parameter with the stored prognosis values or prognosis
intervals.

25. The method as claimed in claim 24, wherein:

a warning message is generated, when one of the periodi-
cally registered values of the diagnostic parameter
exceeds a lower limit of the prognosis interval.
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